A cDNA encoding the 60 kDa subunlt of mammalian splicing factor SF3a has been isolated. The deduced protein sequence reveals a 30<H> Identity to the PRP9 splicing protein of the yeast S.cerevisiae. The highest homology is present In a zinc finger-like region In the C-terminal domain of both proteins. The PRP9 zinc finger-like motif has been replaced by the equivalent region of mammalian SF3a60. The chlmerlc protein rescues the temperature-sensitive phenotype of the prp9-1 mutant strain demonstrating that not only the structure but also the function of this domain has been conserved during evolution.
INTRODUCTION
Introns are removed from nuclear pre-mRNA in two transesterification reactions which are likely to be RNA catalyzed (for review and recent discussions see refs [1] [2] [3] . Splicing takes place in a large ribonucleoprotein particle, the spliceosome, that is assembled in multiple well-defined steps involving dynamic interactions between pre-mRNA, small nuclear ribonucleoprotein particles (snRNPs) and non-snRNP protein factors.
Mammalian snRNPs involved in pre-mRNA splicing consist of relatively short RNA molecules (snRNAs) and several proteins that can be grouped into three categories: (i) the Sm proteins that are common to all snRNPs, (ii) proteins that are characteristic of each particle and relatively tightly bound and (iii) unique proteins that dissociate from the particles at salt concentrations exceeding 150-200 mM (4) (5) (6) . The roles of the snRNPs in splicing and their interactions with the pre-mRNA have been extensively studied (1) . Ul snRNP binds to the 5' splice site forming the first specific intermediate in spliceosome assembly, complex E. The interaction of U2 snRNP with the pre-mRNA branch site, which is located in the intron close to the 3' splice site, gives rise to pre-splicing complex A. In the following step the U4AJ6.U5 triple snRNP binds and complex B is generated. A structural reorganization results in the transition to the active spliceosomal complex C and spliced RNA is generated by two transesterification reactions.
With a few exceptions, all of the mammalian splicing proteins identified participate in the early steps of spliceosome assembly. Members of the SR family of splicing factors act in concert with Ul snRNP to commit the pre-mRNA to the splicing pathway (7) (8) (9) . U2AF, required for the U2 snRNP-branch site interaction, binds to the polypyrimidine tract at the 3' end of the intron and is present in complex E (10) (11) (12) . At least four splicing factors participate in the formation of pre-splicing complex A. The exact roles of an 88 kDa protein (13) and splicing factor SF1 (14) at this stage are unknown. SF3a and SF3b function in the assembly of the 17S U2 snRNP and are constituents of this particle (15, 16 ; K.Groning and A. Kramer, unpublished) . Thus, although SF3a and SF3b have been identified initially as nonsnRNP splicing factors, they can be viewed as loosely associated specific snRNP proteins. SF3b binds to the 12S U2 snRNP (16) which contains the Sm proteins as well as the U2 snRNP-specific proteins A' and B" (4). The 15S particle thus formed is converted into the active 17S U2 snRNP after interaction with SF3a; by itself, SF3a does not associate with the 12S particle. Recent work has shown that two of the three SF3a subunits (SF3a60 and SF3a66) are structurally related to the S. cerevisiae splicing factors PRP9 and PRP11 (16) (17) (18) (19) . PRP9 and PRP11 function during complex A assembly in yeast (20) (21) (22) and interact genetically and physically with a third protein, PRP21 (initially termed SPP91), that acts at the same step of splicing (22) (23) (24) (25) . By analogy to the yeast system the third subunit of SF3a (SF3al20) may represent PRP21.
As a first step to analyse the structural relationship between the mammalian and yeast proteins and to determine the interactions between the SF3a subunits and their particular function during splicing, we have isolated a cDNA clone encoding *To whom correspondence should be addressed SF3a60. We show here that SF3a6O and PRP9 are homologous and that the in vivo function of a zinc finger-like motif present in both proteins has been conserved from yeast to man.
MATERIALS AND METHODS

Protein purification and microsequencing
SF3a was purified from HeLa cell nuclear extracts as described (15) . Purified protein ( -40 /tg/SF3a subunit) obtained after Superose 12 gel filtration was separated by SDS -PAGE and transferred to an Immobilon P membrane (Millipore) by electroblotting (26) . The appropriate band was located after staining with Coomassie blue in 40 % (v/v) methanol/1 % (v/v) acetic acid and destaining in 40% (v/v) methanol, excised from the membrane and washed in H 2 O. SF3a60 was digested in situ with 1.5 /ig trypsin in 50 mM ammonium bicarbonate, 0.5 mM CaCl 2 and 10% (v/v) acetonitrile in a total volume of 200 n\. After incubation at 37°C overnight the supernatant was removed, the membrane was washed with 50 fi\ H 2 O and briefly sonicated in 150 y\ 80% (v/v) formic acid. Peptides in the combined supernatants were applied to a C4 reverse phase column (VYDA-C 218TP52, 2.1 X250 mm) and eluted with a 90 min gradient of 0-60% (v/v) acetonitrile in 0.05% (w/v) trifluoroacetic acid. The eluate was monitored at 214 and 280 ran. Amino acid sequencing of five peptides, two of which gave partially overlapping sequences, was performed by Paul Jeno (Protein Chemistry Laboratory, Biozentrum, University of Basel) on an Applied Biosystems sequencer model 477A connected on-line to an Applied Biosystems model 120A PTH-amino acid analyser.
cDNA cloning
Degenerate oligonucleotides were designed from two tryptic peptides of SF3a60: oligonucleotide 1 was a 30mer of sequence 5'-AARCAYCCIAATGARATHTGYGTICCCATG-3' (R = A or G, Y = C or T, I = inosine, H = A or C or T) representing amino acids KHPNFJCVPM; oligonucleotide 2 was a 44mer of sequence 5'-GAGGARGCYCARAAYCTIGTGGARTTYACIG-ATGARGAGGGCTA-3' representing amino acids EEAQNLVEFTDEEGY (27, 28) . Recombinant phage (5x 10 3 ) from an amplified HeLa cell cDNA library in Xgtl 1 (a generous gift from G.McMaster) were screened on duplicate filters witĥ P-labelled oligonucleotide 2. Hybridization was performed at 42°C in 2XSSC, 5xDenhardt's solution, 50 mM sodium phosphate, pH 7.0, 10 mM EDTA, 1 % SDS, 200 /tg/ml tRNA, 100 /tg/ml poly (A) and 50 /xg/ml single-stranded salmon sperm DNA. The final wash was performed in 1 xSSC and 1 % SDS at 50 c C. Of fourteen double-positive clones identified eleven were picked and purified by two further rounds of screening. DNA of four phage that were positive with both oligonucleotide probes was isolated and restriction digests were subjected to Southern blot hybridization. The £coRI insert of the phage containing the largest insert (3a60.1) was isolated and subcloned into pBluescript (Stratagene). ExoBI deletions were generated with the Erase-ABase system (Promega) and both strands of the insert were sequenced with Sequenase (USB or Pharmacia) by dideoxy chain termination (29) .
A cDNA containing the complete coding sequence for SF3a60 was isolated with standard methods (28) from a 5' stretch HeLa cDNA library in Xgtl 1 (Clontech) by screening with the 5' terminal EcoRI -HindSE restriction fragment (~ 900 bp) of clone 3a60.1 that was random prime-labelled with [a-32 P]CTP using the Megaprime kit (Amersham). The inserts of four phage were isolated and cloned into pBluescript. The insert of clone 3a60.2 was sequenced on both strands.
Northern blotting
A commercial human Multiple Tissue Northern blot (Clontech) was probed with the 3' terminal HindUI-EcoRl fragment of clone 3a60.1 containing ~ 300 bp of coding sequence and the entire 3' untranslated region of ~ 1200 bp as described (30) .
Expression of recombinant SF3a60 in E.coli and antibody preparation
A Bgffl restriction fragment of plasmid 3a60.1 (encoding amino acids 102-253 and 336-501 of SF3a60; Figure 1 ) was ligated into the Ba/ritU site of vector pQEl 1 (Qiagen). The recombinant protein contains an N-terminal Hisg tag and has an estimated molecular mass of 39 kDa. The plasmid was transformed into the E.coli strain JM101. A 1 1 culture was induced with 2 mM isopropyl /3-D-thiogalactoside for 4 h. A bacterial extract was prepared by resuspending the cells in buffer A (15% glycerol, 20 mM HEPES-KOH, pH 7.9, 100 mM KC1, 3 mM MgCl 2 , 0.5 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride) followed by sonification and centrifugation. Proteins were extracted from the pellet in 6 M guanidinium hydrochloride, 0.1 M sodium phosphate, 0.01 M Tris-HCl, pH 8.0, for 1 h at 4°C with gentle shaking and insoluble material was removed by centrifugation. The supernatant was loaded onto a Ni 2+ -nitrilotriacetic acid affinity column (Qiagen) and proteins were eluted with a pH step gradient in 8 M urea, 0.1 M sodium phosphate and 0.01 M Tris-HCl following the instructions of the supplier. Fractions containing recombinant SF3a60 (rSF3a6O; eluted at pH 4.5) were dialysed against buffer A containing 20% glycerol. Most of the recombinant protein precipitated during dialysis; this material was resuspended in SDS sample solution (31), separated by SDS-PAGE and rSF3a60 was electro-eluted from the gel in 25 mM Tris, 192 mM glycine and 0.025 % SDS. Following dialysis against buffer A containing 20% glycerol, the precipitate of rSF3a60 was resuspended in 8 M urea. Antibodies were raised in rabbits by several injections with 150-600 mg of recombinant SF3a6O with Specol (Central Veterinary Institute, Lelystad, The Netherlands) used as adjuvant.
For Western blot analysis proteins were separated in a 10% SDS-polyaerylamide gel and transferred to nitrocellulose (26) . Antibody detection was performed with the ECL kit (Amersham) following the manufacturer's instructions.
Expression of a chimeric PRP9-SF3a60 protein in yeast Two oligonucleotides (5'-ATTAGTCGACTACTGGC-TGTATAAGCTTCATGG-3' and 5'-GTGTTGJ£G_ACGCCC-AAACACCTCATGCC-3'; Sail restriction sites introduced for cloning are underlined) were used as primers for the PCR amplification of the SF3a60 zinc finger region (amino acids 394-439; Figure 4 ). The amplified DNA fragment was cut with Sail and cloned in place of the corresponding sequences of the PRP9 gene (amino acids 409-454) in plasmid pPL55. This construct is a derivative of the multicopy vector pEMBLYe31 (2m, LEU2 + ) containing a PRP9 coding sequence that has been modified by introduction of two Sail restriction sites flanking the zinc finger motif to allow cloning of PCR fragments; the Sail sequence GTCGAC was inserted after the codon for amino acid 408 of PRP9 and substitutes for the codons of amino acids 455 and 456. Accurate cloning was verified by sequencing of the relevant region in the final construct pPL214, which encodes the Sequence analysis Sequence alignments and structural analyses were performed with programs of the GCG software package of the University of Wisconsin (32) . Nucleotide and protein sequences were compared with entries in the GENEMBL (release 40) and SWISSPROT (release 29) databases.
RESULTS
A HeLa cDNA library in Xgtl 1 was screened with degenerate oligonucleotide primers that were designed to the sequences of two peptides derived from purified SF3a60. This procedure yielded cDNA 3a60.1 (2206 bp) that extends from an internal £coRI site (at amino acid 93; Figure 1 ) to a stretch of 17 adenosines preceded by a potential polyadenylation signal (not shown). Both peptides to which oligonucleotides had been generated are located in the immediate vicinity of the 5' end of this cDNA and no methionine is present upstream. To obtain a cDNA encoding the complete SF3a60 protein, a second library was screened with the 5' terminal £c<?RI-//mdIII fragment of clone 3a60.1. cDNA 3a60.2 (2850 bp in length), which contains 842 bp at the 5' end in addition to those found in clone 3a60.1 and lacks 427 bp of 3' untranslated sequences, was obtained. Clone 3a60.2, as well as several other independent isolates, contains a 246 bp sequence (encoding amino acids 255-336; Figure 1 ) that is not present in clone 3a60.1. Within this region the sequence of a fourth SF3a60 peptide was found that is missing in clone 3a60.1. No splice site consensus sequences (33) are apparent at either end of this region, making it unlikely that different SF3a6O mRNAs are produced by use of alternative 5' or 3' splice sites, as for example is observed in the case of splicing factors ASF/SF2 or PSF (34, 35) . Although the additional internal sequence could represent an exon that is alternatively spliced by exon inclusion or skipping we assume that cDNA 3a60.1 arose from a recombination event during the preparation of the cDNA library because no mRNA was detected by Northern blotting that could correspond to a cDNA lacking the 246 bp sequence (see below). Furthermore, PCR amplification of oligo(dT)-primed HeLa cDNA with primers flanking the 246 bp region resulted in the synthesis of only one fragment of the size expected from The open reading frame of clone 3a60.2 encodes a protein of 501 amino acids with a calculated molecular mass of 58.848 kDa, which agrees well with the size of SF3a6O determined by SDS-PAGE (15) . All peptide sequences obtained from the tryptic digest of SF3a60 are present in the deduced amino acid sequence (Figure 1 ). The initiator methionine is located 566 base pairs from the 5' end of the cDNA and the surrounding sequence conforms to the consensus sequence for eukaryotic translation initiation (36) . An in-frame stop codon is present nine base pairs upstream of the putative initiator methionine. The in vitro translated product of a derivative of clone 3a60.2 yields a protein of the same size as the protein purified from HeLa cells (D.Nesic and A. Kramer, unpublished) . Thus, we assume that clone 3a60.2 encodes the complete SF3a60 protein.
To verily that the cDNA clones isolated encode SF3a60, a partial protein (see Materials and Methods) was expressed in E. coli, the recombinant polypeptide was purified and antibodies were raised in rabbits. Figure 2 shows that these antibodies react with the protein used as antigen (rSF3a60) and with SF3a60 in HeLa cell nuclear extracts and purified SF3a, whereas the preimmune serum is negative. Furthermore, anti-PRP9 antiserum which reacts with SF3a60 (16) analysed. For example, the longer form is predominant in poly(A + ) RNA of lung, whereas the shorter form is more abundant in RNA isolated from liver, suggesting that the two mRNAs are alternatively expressed in different tissues.
It has previously been demonstrated that SF3a60 is structurally related to the yeast splicing protein PRP9 (16) (17) (18) (19) . An alignment of the deduced amino acid sequences of SF3a60 and PRP9 (37) reveals an identity of about 30% and a 56% similarity ( Figure  4 ). Both proteins are relatively rich in charged amino acids (36%) and sequences in the C-terminal thirds of both proteins are highly homologous. This region contains a zinc finger motif of the C 2 H 2 type (Figure 4 ; see 38 for review) which is essential for viability (37) . A leucine-rich region and a second zinc fingerlike motif present in PRP9 are not conserved in SF3a60. Also, no other motifs that are present in splicing proteins have been detected in the SF3a60 protein sequence.
To assess the functional significance of the homology in the zinc finger region, a protein was constructed in which amino acids 409-454 of the PRP9 protein ( Figure 4) were exchanged for the corresponding sequences of SF3a60 (amino acids 394-439).
The chimeric protein was then tested for its ability to rescue the temperature-sensitive phenotype of the prp9-l mutant strain (Table 1; 23) . Growth at 31 and 35°C can be rescued by transformation with PRP9 wild-type or pPL55 (PRP9ASo/I; see Materials and Methods), but not with the vector alone. Consistent with previous results (24) demonstrating that deletion of the second zinc finger motif of the PRP9 protein (PRP9ACH2) leads to a dominant negative phenotype, thcprp9-l ts strain expressing this mutant gene is not viable at 25°C. In contrast, cells transformed with the plasmid expressing the chimeric PRP9-SF3a60 protein were viable at 25°C and, more importandy, these transformants also grew at 31 and 35°C. The rescue is specific for the SF3a60 zinc finger-like motif, since mutant PRP9 genes containing the equivalent region of yeast PRP11 (39) or the mammalian Ul snRNP C protein (40) encode proteins that have a dominant negative effect on viability (data not shown). In summary, the chimeric PRP9-SF3a6O gene complements the temperature-sensitive phenotype of the prp9-1 mutation, indicating that the essential function of the zinc fingerlike region is evolutionarily conserved.
DISCUSSION
We have isolated a cDNA encoding the 60 kDa subunit of mammalian splicing factor SF3a. The deduced protein sequence is identical to that of the spliceosome-associated protein SAP61 (19) , confirming the identity of the two polypeptides as previously suggested on the basis of co-migration in 2D polyacrylamide gels (M.Bennett, R.Brosi, A.Kramer and R.Reed, unpublished results).
Immunological studies have shown that SF3a6O (or SAP61) and the PRP9 protein of S.cerevisiae are structurally related (16) (17) (18) and both proteins function in splicing during the formation of pre-splicing complex A (15, 20) . Extending these observations, direct comparison of the amino acid sequences of SF3a60 and PRP9 demonstrates a 30% overall structural identity between the proteins. The region of highest homology is located in the C-terminal third of the proteins and includes a zinc fingerlike motif of the C 2 H 2 type (Figure 4 ). Mutational analyses of the cysteine and histidine residues of this motif in PRP9 have demonstrated that it is essential for PRP9 function in vivo (37) . The second zinc finger-like motif of PRP9 is not conserved in SF3a6O and only the mutation of one histidine in this motif is detrimental to PRP9 function, whereas the other histidine and both cysteine residues can be mutated without obvious growth defects (37) . In addition, a leucine zipper-like region detected in PRP9 is absent from SF3a60. The function of this motif has Table 1 not been analysed in detail. Mutation of amino acids 78 and 177 in the N-terminal portion of PRP9 leads to a temperature-sensitive phenotype and interferes with the interaction between PRP9 and PRP21 when tested in the two-hybrid system (24) . These two positions are conserved in SF3a6O. As a first attempt to understand whether structurally related domains in mammalian and yeast splicing factors provide equivalent functions, the zinc finger-like and flanking sequences of SF3a60 and PRP9 have been exchanged. Our results clearly demonstrate that a functional PRP9 protein can include the region of either origin, yeast or human. Thus, despite a number of nonconservative amino acid replacements within the exchanged region, the essential function in vivo of this domain has been conserved from yeast to man. An alignment of the zinc fingerlike motifs of several proteins involved in splicing has been proposed previously (37; Figure 5 ) and these domains may sustain similar or related functions, such as RNA binding or protein-protein interactions (18, 19, 24) . Several amino acids that are identical in the yeast PRP11 and human Ul snRNP C proteins are also found in the mammalian PRP11 homologue SAP62 (18, 39, 40) . These residues are not conserved in zinc finger-like motifs present in other splicing proteins. Consistent with these differences in amino acid sequence, PRP9 chimeric proteins formed with zinc finger-like domains of PRP11 or the Ul snRNP C protein are non-functional, demonstrating that these domains are not strictly exchangeable.
Apart from a conservation of the zinc finger-like region of SF3a60 and PRP9, the sequences flanking this motif also display a high content of identical amino acids. Although the homology upstream of a zinc finger-like domain in mammalian SAP62 and yeast PRP11 (18) is not as striking as in SF3a60 and PRP9, several amino acids are shared by all four proteins ( Figure 5 ). In contrast, amino acids located between the cysteine and histidine residues are less well conserved between the two groups of splicing factors. A particular function of this upstream sequence has not been investigated; however, the conservation may hint to a similar role, either in combination with the zinc finger or a function on its own. Future experiments in which sequences are exchanged between mammalian and yeast homologues as well as detailed mutational analyses of conserved regions will clarify the in vivo function as well as the role of these domains in spliceosome formation in vitro.
